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ABSTRACT
High cycle fatigue (HCF) is a major concern for both military and commercial aircraft,
as it is a leading cause of component or engine failure. Of the numerous techniques
for HCF mitigation, over-design and constrainment layers are common; all resulting
in added weight, increased operational costs, and lower performance. The use of the
shape memory effect of shape memory alloys (SMA)(e.g. Nitinol) to allow variable
stiffness of engine components is a novel approach to HCF mitigation. To quantify
the effectiveness of Nitinol as a HCF mitigation technique, a composite beam con-
sisting of an SMA actuator adhered to an Aluminum alloy substrate was designed.
Analysis of preliminary designs with the use of finite element analysis software led to
the selection of two final configurations: the first spanning the full beam (full sam-
ple) and the second spanning half the length of the beam (half sample). Complete
modal analyses were taken over a selected frequency range using both single and
scanning laser vibrometers. Experimental results showed that the actuation of the
SMA patches led to a shift in modal frequency. Repeated tests on the half sample
resulted in an mean increase in modal frequency, ranging from 3.77Hz (1.84%) at
second bending to 36.8Hz (1.90%) at fifth bending during heating. Repeated tests on
the full sample resulted in an mean increase in modal frequency, ranging from 9.43Hz
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(4.57%) at second bending to 74.5Hz (3.98%) at fifth bending during heating. Anal-
ysis of the third bending mode node location during the thermal cycle demonstrated
a shift in the half sample, illustrating the material’s capability to change the mode
shape vector. Damping tests on both samples exhibited quality values, Q, around
100 at the highest temperatures, but no correlation with phase transformation was
realized. Maps of temperature vs. modal frequency vs. beam tip amplitude were
recorded for both the full and half sample for second bending mode. Complementary
computational results were consistent with experimental investigations, illustrating
the effectiveness of SMA has a HCF mitigator.
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CHAPTER I
INTRODUCTION
High cycle fatigue is characterized by high frequencies, low amplitudes, cyclic elastic
behavior, and high cycle count. In the 1990’s high cycle fatigue was determined
to be the primary cause of several failures of USAF fighter engines. This type of
failure is not inclusive to USAF engines as failure due to high cycle fatigue has
also been experienced in both domestic and international commercial engines [1].
HCF mitigation is vital for the successful deployment of state-of-the-art engines. It
is imperative to investigate novel materials and techniques to expand the available
tools and resources. Of the numerous techniques for HCF mitigation, over-design and
constrainment layers are common; all resulting in added weight, increased operational
costs, and lower performance. The research presented quantifies the effectiveness of
using a shape memory alloy (SMA) to damp and provide variable stiffness.
1.1 High Cycle Fatigue Mitigation Techniques
Numerous engine components are vulnerable to HCF. Major root causes include
unidentified resonances, manufacturing problems, foreign object damage, and aeroe-
lasticity issues [2]. Damping can be used to mitigate the excessive stresses in engine
components that lead to high cycle fatigue [3]. The design of advanced, high per-
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formance turbomachinery blades has led to higher stresses and decreased damping.
While increasing design and maintenance cost, this has also led to component failure.
Means to obtain additional damping cannot interfere with the aerodynamics of ma-
chinery blades, so any treatments must be internal, out of air flow, or in the form of
a thin layer. Advances in manufacturing techniques have enabled integrally bladed
disk designs. These designs are highly susceptible to high cycle fatigue as they are
inherently low damped [4].
Several mitigation methods have been investigated, including sprayed coat-
ings, constrainment layers, and piezo-electric actuators [3]. Piezo-electric actuators
have gained acceptance as active vibration control systems because they have no
moving parts, they are low weight, and they provide high force with low power con-
sumption. They require high excitation voltages and only control vibration in the
micro-inch range [5].
1.2 Shape Memory Alloys
Emerging materials and unique methods for their implementation are vital for the
success of novel HCF mitigation methods. One such class of material displays a shape
memory effect and is classified as shape memory alloys [6]. If this material is deformed
while in the martensitic phase and then subsequently heated above Af , the Austenite
finish temperature, it will return to its original shape. This behavior is due to a solid-
solid phase change in the material from Martensite to Austenite. An illustration of the
hysteretic loop shape memory alloys undergo during their solid-solid phase changes is
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shown in Fig. 1.1 [6]. SMAs can absorb and dissipate energy through their hysteretic
shape change when they are cyclically loaded. The properties of SMAs have made
them suitable for many sensing and actuation applications [7]. The introduction of
the shape memory effect, whereby the shape memory alloy material acts as both a
damper and a means of variable stiffness is a novel technique for HCF mitigation.
1.2.1 Phase Transformation
The high temperature phase, Austenite, is cubic, while Martensite can be tetrago-
nal, orthohombic, or monoclinic. The phase transformation occurs through lattice
distortion. Martensite exhibits in two forms, as twinned Martensite and detwinned
or “reoriented” Martensite. The phase change from Martensite to Austenite is re-
versible. There are several important temperatures that describe the phase trans-
formation. The cooling transformation begins at the Martensitic start temperature
(Ms) and is completed at the Martensitic finish temperature (Mf ). At the end of this
transformation, the material is in the twinned phase. The heating transformation
begins at the Austenitic start temperature (As) and is completed at the Austenitic
finish temperature (Af ). If stress is applied to the twinned Martensitic phase, the
Martensite can become detwinned, reorienting orientation directions. Heating the
detwinned Martensite above Af will regain the original shape and when the material
is cooled it will result in twinned Martensite (Fig. 1.2 [7]).
The shape memory effect is best shown as a stress-strain-temperature plot,
Fig. 1.3 [7]. Values are shown for a typical SMA alloy. Starting from the high
3
temperature Austenite phase at point A, the material unloaded material is cooled to
twinned Martensite at point B. When a sufficient external stress is applied, detwinned
Martensite is formed at point C. The material is elastically unloaded to detwinned
Martensite as point D. With heating and no external stress, the material transforms
back to the Austenite shape with no permanent plastic strain.
Phase transformation can also be facilitated through an external load. When
an SMA is in the Austenite phase and is slightly above a prescribed temperature,
the addition of an external stress can produce the Martensite phase. This behavior
is known as pseudoelasticity [7].
The transformation from Martensite to Austenite is endothermic, while the
reverse transformation is exothermic. Latent heat is produced and absorbed dur-
ing the forward and reverse transformation, respectively. This latent heat creates
temperature variations in the material which will influence its behavior. While this
phenomenon is known to pose issues to pseudoelastic testing, it will also effect the ma-
terial’s response to heating and cooling. In pseudoelastic tests, variation is mediated
by using slow, set, strain rates of 0.01% strain/sec, in load control. When imposing
thermal variations, it is important to use sensible heating and cooling rates. Resistive
Joule heating is often employed for heating and liquid baths can be used for cooling.
While strain rates for isothermal tests are generally agreed upon, heating and cooling
rates are more impromptu and should be adjusted to create slow, uniform changes [7].
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Figure 1.1: Hypothetical plot of property change vs. temperature for the Martensite
to Austenite phase transformation in a shape memory alloy [6].
5
Figure 1.2: Schematic of the shape memory effect of an SMA showing the unloading
and subsequent heating to Austenite under no load condition [7].
6
Figure 1.3: Stress-strain-temperature data exhibiting the shape memory effect for a
typical NiTi SMA [7].
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1.2.2 Damping
Nickel Titanium (NiTi, Nitinol), a common commercial shape memory alloy, has
shown damping an order of magnitude higher than ordinary metals [8]. Of known
SMAs, NiTi has been the most studied composition and has been used in many ap-
plications. NiTi has a strong shape memory effect and has resistance to corrosion.
In addition, its crystallography and response to heat treatment are well understood
[7]. The composition of the NiTi alloy and the thermo-mechanical processing influ-
ence the damping characteristics of the material [3]. In addition, the transformation
temperature can be tailored through formulation, especially for high temperature ap-
plications [9, 10]; NiTiPdPt has a transformation temperature near 300◦C, which is
conducive for turbomachinery applications [11]. The transformation temperature of
NiTi can be changed by increasing or decreasing the atomic percentage of Ni in the
material. NiTi with 50% Ni exhibits a transformation temperature of 120 ◦C, this
temperature decreases with increasing nickel content. NiTi 55 has shown superior
corrosion resistance when compared to stainless steel in salty environments. It also
can be hot formed into various shapes and does not require cold working [7].
Shape memory alloys allow for large amounts of recoverable strain which co-
incide with work densities that can be ten times higher than traditional approaches.
The shape memory effect allows for the use of shape memory alloys in applications
where work per unit weight must be maximized. The density of NiTi is 6.45g/cm3,
slightly higher than the 4.43 − 4.66g/cm3 density of current titanium alloys used in
aero engine components [12]. Shape memory alloys can be used for multiple activa-
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tions. If the material is returned to its original state, it can be deformed, reheated,
and recovered repeatedly [6].
The hysteresis an SMA undergoes represents the mechanical energy it can
dissipate. Damping can occur in shape memory alloys during the solid-solid phase
transition, during which energy can be dissipated. Duffy et al. found that SMAs
exhibit damping during their phase transformation. The amount of damping observed
depends upon the steady state stress level, alternating stress level, frequency, and
temperature.
The target application of SMA damping in turbomachinery would be its
use on a compressor blade. Here frequencies can range from 100 to 10,000+ Hz.
The “quality factor”, Q, is a dimensionless parameter that describes the damping
of a structure. The lower the Q value, the higher the damping is in the structure.
Damping is calculated by using the “half-power bandwidth” method by measuring
the bandwidth of the FFT curve below the resonant peak [13]. The damping ratio,
ζ, is found by:
ζ =
∆ω
2ωr
(1.1)
Here ∆ω represents the bandwidth defined as (ω2−ω1) and ωr is the resonant
frequency. The quality factor is inversely proportional to the damping ratio and is
calculated as:
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Q =
1
2ζ
(1.2)
As damping increases, Q decreases. A structure that is exhibiting higher
damping will have a lower Q value. The typical Q value of a blade structure is 1000
or greater. A Q value of 100 or less is desirable to reduce vibratory stress in the blade.
Using FEA, Duffy et al. found that for a 1.8 in x 0.75 in x 0.010 in beam, with 0.005
in SMA patches on both sides (Fig. 1.4 [3]), if the Q value of the SMA structure was
14, the Q value of the composite structure would be 100. During material testing of
Ni50Ti35Hf15, Duffy et al. found minimum quality factors of less than 5, but these
factors corresponded to the low input frequency of 0.1 Hz. See Fig. 1.5 [3] where the
loss factor η represents the ratio of damping energy to strain energy and is equal to
the reciprocal of Q. No damping peak was found in the Ni50Ti35Hf15 material at
100 Hz [3]. Piedboeuf et al. also found a minimum quality factor at 0.1 Hz in their
own study of NiTi wires.
1.2.3 Aerospace and Vibratory Applications
SMAs have been used in many fixed-wing aircraft, rotorcraft, and spacecraft ap-
plications. SMA’s have been used to create hingeless ailerons and variable geometry
airfoils, as well as variable inlets and exhaust chevrons. They have been used in satel-
lite low-shock release mechanisms because of their slow activation. Most applications
are designed through careful, specific experimentation. Civil structural component
designers have been interested in SMAs because of their ability to dissipate energy
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Figure 1.4: FEA result, third bending mode strain, cantilever beam, shown with SMA
patch targeting third bending mode [3].
Figure 1.5: Cast Ni50Ti35Hf15 static test deflection and dynamic test loss factor
temperature. Loss factor at 0.1 Hz, 35x10−6 strain amplitude [3].
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through hysteresis [7]. These applications illustrate that SMAs have become a viable
engineering material for aerospace and vibratory components.
1.2.4 Variable Stiffness Actuator
Shape memory alloys exhibit a change in elastic modulus when they undergo the
phase transition from Martensite to Austenite. This modulus change creates variable
stiffness in components utilizing shape memory material. The stiffness change from
the Martensite to Austenite phase makes SMAs a tool to isolate vibrations. It has
been shown that the variable stiffness property inherent to shape memory alloys
has the capability of shifting the natural frequencies of components made with this
material. Along with a frequency shift, variable stiffness has been shown to reduce
component amplitudes and create a change in the mode shape vector [14].
1.3 Scope of Present Work
The use of shape memory alloys for high cycle fatigue mitigation is an innovative
concept. A cold side compressor blade or stator may be the most feasible component
to utilize such a treatment. The material engineering and research on shape memory
alloys is vast and this class of materials is finding its way into many civil, medical,
and aero applications. The targeted SMA NiTi is robust, corrosion resistance, and
can be readily utilized. With this in mind, a study of NiTi’s ability to create damping
and variable stiffness in a blade is applicable.
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The research presented here seeks to quantify any vibratory change in a
cantilever beam due to the shape memory effect of a thin NiTi actuator mounted to
its surface. This change illustrates itself through changes in stiffness, damping, and
the mode shape vector. The study seeks a fundamental understanding of the dynamic
change a composite blade-NiTi structure would undergo as a result of solid-solid phase
change in the SMA material.
A series of experiments were performed using the equipment available at the
Air Force Research Laboratory’s Turbine Engine Fatigue Facility (TEFF). For this
preliminary vibratory research, a single cantilever beam was the subject of focus. The
analysis was performed by:
• designing an SMA actuator using theoretical and computational tools
• manufacturing a composite beam composed of a substrate and a SMA patch
• identifying the natural frequencies of the composite system
• creating and programming a joule heater to controller the temperature of the
SMA patch
• investigating the system’s response to varied temperature input
• determining any change in the mode shape vector of the composite beam
• quantifying any damping occurring in the composite system due to phase change
13
CHAPTER II
MODAL FREQUENCY SHIFT AND SHAPE VECTOR CHANGE
The objective of the modal frequency research was to quantify the effectiveness of the
shape memory alloy Nitinol as a high cycle fatigue mitigator by first looking at it’s
ability to create variable stiffness in a beam. Through a series of experimental and
computational analyses the effects of the variable stiffness, most notably frequency
shift, decrease in amplitude, and node location shift, were quantified.
2.1 Test Specimens
Experimental and computational analyses were performed on a cantilever beam in
a fixed-free condition. By adopting this specimen type, the research leverages an
extremely large experimental and theoretical base.
2.1.1 Computational Design and Experimentation
In order to quantify the effectiveness of the shape memory effect of Nitinol as a
mitigation technique for HCF, a SMA topical patch was designed and optimized
using finite element analysis software. For this investigation, a cantilever beam in a
fixed-free condition was the focus of analysis. A 0.008 in thick NiTi 55% sheet was
selected for experimentation. Computational design used this sheet’s thickness and
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material properties. Through the use of generalized beam theory; theoretical mode
shapes, natural frequencies, displacement curves, and strain curves were generated.
This theoretical analysis highlighted locations of interest for high strain, identified the
frequency range of interest, and assisted in the identification of the optimal location
and size for a topical SMA material patch.
Several topical SMA patch designs were selected for further computational
analysis. Using ANSYS Workbench, composite aluminum-SMA structures were cre-
ated and underwent a complete modal analysis. Changing the modulus of the SMA
patch material in ANSYS allowed simulations to be performed for both the Austenitic
and Martensitic phases. The material data sheet that accompanied the SMA sheet
listed its modulus as 28−41 GPa for the Martensite phase and 83 GPa for the Austen-
ite phase. In computations 83 GPa was used for the modulus for the Austenite phase
and 34.5 GPa, the average of the two given figures, was used for the modulus of the
Martensite phase.
Using the forced vibration tools inherent to ANSYS, the performance of the
candidate SMA patch designs were evaluated. Two candidate SMA configurations
were selected for experimentation. Both candidates were designed as a single loop
of material to facilitate activation through Joule heating. The first candidate patch
was chosen to produce the greatest change in stiffness of the beam by covering the
most surface area as possible, denoted as “full sample”. The second candidate patch
was designed to be half the length of the first specimen, optimized to show change
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in the mode shape vector, denoted as “half sample”. The patch designs are shown in
Fig. 2.1.
Computational results yielded modal frequencies for 1st, 2nd, 3rd, and 4th
bending modes. A frequency shift occurred when the SMA patch’s modulus was
changed in the software to simulate the Austenite phase.
Results illustrated the SMA’s unique capability of variable stiffness through
changes in modal frequencies. The modal frequencies for the two phases for both
samples are shown in Tables 2.1- 2.2. For the full sample, results indicated a 10.02%
increase in frequency for bending modes 1 through 4. For the half sample, the fre-
quency shift varied from 4.07% to 9.34% for bending modes 1-4. It is important to
note that the computational simulation did not include softening effects due to an
increase in beam temperature.
Computational results of the half sample displayed a change in node location
coupled with a decrease in beam amplitude. Span wise displacement data is shown
in Fig. 2.2 for both the Austenite and Martensite phases. As expected, changes in
node location for the full sample were negligible.
2.1.2 Selected Designs
Shape memory sheet material was received as factory annealed flat. The selected SMA
configurations were cut out of the 0.008in thick shape memory sheet material by a
waterjet. The patches were not subjected to any additional heat training. Material
16
(a) SMA Full sample
(b) SMA Half sample
Figure 2.1: Conceptual models of SMA patches (dimensions in inches).
Figure 2.2: Computational lengthwise scan of half sample.
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Table 2.1: Computational modal frequencies of full sample at selected phase.
Bending Mode
Martensite Austenite
% Change
Modal Frequency (Hz) Modal Frequency (Hz)
1 30.54 33.60 10.02%
2 191.3 210.5 10.02%
3 536.3 590.0 10.02%
4 1053 1158 10.02%
Table 2.2: Computational modal frequencies of half sample at selected phase.
Bending Mode
Martensite Austenite
% Change
Modal Frequency (Hz) Modal Frequency (Hz)
1 34.11 37.29 9.34%
2 196.1 206.1 5.11%
3 544.4 571.7 5.01%
4 1066 1116 4.70%
data sheets accompanying the shape memory alloy sheet material listed the Austenite
finish temperature of the material as 113◦C.
Aluminum beam specimens were machined from 0.062in. aluminum alloy
6061 sheet material. These specimens were designed to have a free length of 8in.
when clamped to a 50 lb dynamic shaker. The overall dimensions of the aluminum
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specimens was 11in. × 1in. × 0.062in.. The SMA patches were adhered to the alu-
minum alloy beams. Several adhesives were tested for adherence and many were
found to be ineffective because of the high temperature requirement and smooth fin-
ish of the SMA surface. Permabond 920, a high temperature cyanoacrylate, showed
the most promise and was used for all experimentation.
The patches were designed to be fully adhered to the 8in. free length of the
beam while also being applied to the section of the beam that ran under the clamp
so that the SMA could be attached to leads on the opposite side of the clamp. The
composite samples underwent a full curing process to leverage the high temperature
properties of Permabond 920. During this process the samples were brought to 150◦C
for two hours in an oven.
Initial joule heating tests were performed on the composite samples (Fig. 2.3)
to observe their behavior. During these tests it was noticed that the SMA patch was
lagging in temperature increase as current was running through the specimen. It
was discovered that even with a full adhesive layer between the SMA patch and
the aluminum alloy substrate, the two components were not electrically isolated.
Current was short circuiting through the substrate. With this new information all
aluminum beam specimens were then anodized to electrically isolate them from the
SMA patches. Composite samples can be seen in Fig. 2.4.
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Figure 2.3: Initial Composite Samples.
(a) Full sample
(b) Half sample
Figure 2.4: Composite samples made up of anodized aluminum substrate with nickel
titanium patch.
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2.2 Joule Heating Controller
The SMA patches on the beams were brought through the Austenite finish tempera-
ture of 113◦C with the use of a DC power supply. Leads were attached to either end of
the SMA loop on the opposite side of the dynamic shaker clamp so as to not interfere
with vibratory testing. Temperature readings of the SMA patches were taken by an
infrared temperature sensor and the information was fed to a data acquisition system.
A LabVIEW controller used the feedback data and a specified target temperature to
control the SMA surface temperature by varying the current that was flowing through
the patch.
The block diagram of the VI cab be seen in Fig. 2.5. The joule heating
controller utilized the inputs of maximum current, maximum voltage, and target
temperature. It read in a voltage a from the IR sensor attached to a data acquisition
system and converted this voltage to a temperature. This temperature was used in
a feedback loop that determined if the IR temperature was below the target tem-
perature. If the value was below the target temperature, the controller provided the
current limit. If the temperature was above the target temperature, the controller
provided 65% of the maximum current. Two while loops had to be utilized for the
controller as the power supply communicated at a significantly different rate than
that of the DAQ.
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Figure 2.5: Joule Heater Block Diagram.
In later experiments the joule heating controller was also used to read in laser
vibrometer data, perform a Fast Fourier Transform on the data, and output modal
frequencies. The block diagram for this modified VI can be seen in Fig. 2.6
2.3 Infrared Temperature Sensor Calibration
The infrared temperature sensor outputted over a 0-5V voltage range. It had an
emissivity adjustment screw to adjust for different materials. Based on research, an
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Figure 2.6: Joule Heater with Laser FFT Block Diagram.
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emissivity of 0.85 was used for the NiTi material [15]. This setting was used for all
testing.
In order to convert the voltage output to a temperature range, the infrared
sensor had to be calibrated. While the mechanism for temperature control of the
SMA sample was joule heating for all dynamic shaker tests, this method could not
be employed for calibration. To calibrate the infrared sensor, a thermocouple had to
be used and this thermocouple would be influenced by the current running through
the sample, were it Joule heated, leading to inconsistent data. Instead, a heat gun
was used.
The infrared sensor was calibrated using a free piece of thin SMA material.
An E type thermocouple was attached to the surface of the sample using thermal
grease and Kapton tape. The infrared temperature sensor was set up on the other
side of the sample directly opposite the thermocouple, leveraging the heat transfer
properties of the slender sample. The sample was heated with a heat gun until the
thermocouple read approximately 160◦C at which time the heat gun was turned off
and data sampling began. A test was run and a plot was constructed of time value
points of infrared voltage output versus thermocouple temperature. A linear curve
fit was taken for to construct a calibration equation. The R2 value of this fit was
0.9982. This equation was used in the LabVIEW controller to convert the infrared
sensor output voltage to SMA surface temperature. Data from this test is seen in
Fig. 2.7. Equation (2.1) was used as the calibration equation for all testing.
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Figure 2.7: IR voltage versus thermocouple temperature for free piece of Nitinol.
Temp(◦C) = 116.9 ∗ V oltage− 44.21 (2.1)
2.4 Scanning and Single Point Laser Vibrometers
Dynamic testing was performed using multiple laser vibrometers. Testing at Akron
utilized a Polytec PSV-400 scanning laser vibrometer. Testing at the Turbine Engine
Fatigue Facility utilized both a Polytec PSV-400 scanning laser vibrometer and a
OFV-505 single point laser vibrometer.
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2.4.1 Hardware
Two laser types were used during dynamic testing. A single point laser vibrometer
must be manually adjusted to the point of interest. A scanning laser vibrometer can
test many points from one set-up. The point of interest can be adjusted through the
software.
Laser vibrometers work on the Doppler effect, using two light beams, a refer-
ence beam and a measurement beam, to measure the velocity of an object. A voltage
proportional to the velocity is acquired by the software, which processes the data into
meaningful results.
Prior to taking any testing data, the scanning laser located at the University
of Akron was tested for repeatability. The full sample was mounted on the 50 pound
shaker and the scanning laser was directed to the tip of the sample. All scans used
the software’s averaging function of three data sets. The following procedure was
performed over approximately 30 minutes:
1. Three scans were completed.
2. The laser and the controller were shut down.
3. Three scans were completed.
4. The laser and the controller were shut down.
5. Three scans were completed.
6. The laser and the controller were shut down.
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All nine scans gave the same natural frequencies for modes 2 through 5. The
following morning the scans were performed an additional three times. The first scan
gave the same natural frequencies seen the day before. The second and third scans
gave frequencies 0.3 Hz higher than the day before for modes two and three. This
simple test illustrated the repeatability of laser measurements for the subsequent tests
that were performed.
2.4.2 Software
Polytec includes software with its scanning laser vibrometer that software controls
the laser hardware and the vibrometer controller, aligning the laser with zoom and
autofocus settings. The software acquires the laser voltage data and performs a Fast
Fourier Transform on the data using a set number of FFT lines. It processes the data
and presents it with animated displays.
2.5 Experimental Setup
Modal frequency shift and shape vector change experiments were performed using a 50
pound dynamic shaker. The shaker was given a sinusoidal input and its amplitude was
controlled with an external amplifier. For these tests, input was generated either by a
Polytec controller or by a separate signal generator. A robust clamp was designed and
manufactured to attach test samples to the shaker. The clamp also had an attached
accelerometer, whose signal was conditioned and used for calculations. The samples
were clamped on one end by the dynamic shaker. The other end was free. The clamp
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Figure 2.8: Experimental setup of dynamic shaker, composite beam, and infrared
temperature sensor.
was designed with phenolic inserts to electrically isolate the composite samples from
both the clamp and the dynamic shaker. A Teflon washer was used to further isolate
the clamp’s center bolt from the SMA patch. Test setup can be seen in Fig. 2.8.
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2.6 Preliminary Experimentations
Preliminary experimentation focused on the investigating the best way to capture and
display changes in the stiffness of the beam and the mode shape vector during the
phase change of the SMA material. Experiments consisted of single point scans of the
beam tip while the SMA was brought to different temperature levels and a linear scan
across the axial direction of the beam at two set temperatures to demonstrate the
nature of the third bending mode shape vector while the SMA patch was in Austenite
and Martensite phases.
For beam tip scans, the experimental vibration investigation included a com-
plete modal analysis over the selected frequency range of 50-2000 Hz. This range
was selected to avoid first bending mode, which results in significant strains, while
capturing bending modes 2, 3, 4, and 5.
2.6.1 Beam Tip Scans
Single point data taken at the tips of the samples (Fig. 2.9-2.10) while the samples
were brought up to temperature and then allowed to cool shows the hysteresis of the
beams’ modal frequencies. The hysteretic loop shows that for both configurations,
the sample’s natural frequency dropped with increasing temperature until the SMA
patch reached its Austenite finish temperature of 113◦C. At that point the modal
frequency increased measurably. As temperature was increased above the Austen-
ite finish temperature, the modal frequency slowly decreased in the same fashion it
exhibited prior to activation. A decrease in temperature showed the hysteretic na-
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ture of the frequency shift as the samples showed increased modal frequencies until
they dropped below approximately 80◦C. Results illustrated an increase of natural
frequency for all modes for both full and half samples. The frequency increase of the
full sample varied from 3.21% to 5.62% for modes 2-5 (Table 2.3). The frequency
increase of the half sample varied from 0.80% to 1.88% for modes 2-5 (Table 2.4).
The FRF’s for both the full and half samples for the temperatures 110◦C and
135◦C are presented in Figs. 2.11(a)-2.11(b). These temperatures best represented
the transition from Martensite to Austenite. Modal data from these temperatures is
presented in Tables 2.5-2.6. All data was taken at blade tip and may not accurately
capture all bending modes.
Results illustrate that the actuation of the SMA patches results in a signif-
icant reduction in displacement amplitude of the samples at the modal frequency.
This reduction in beam tip displacement varied from 21.53% to 92.7% (Table 2.3)
for the full sample over modes 2-5 and 75.04% to 85.94% (Table 2.4) for the half
sample over modes 2-5. The reduction in peak modal displacement between actuated
and unactuated SMA patches was also calculated. While for the half sample this
reduction varied between 2.42% and 9.78%, for the full sample both the second and
fifth modes showed an increase in amplitude.
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(a) 2nd Bending Mode (b) 3rd Bending Mode
(c) 4th Bending Mode (d) 5th Bending Mode
Figure 2.9: Full sample hysteresis from single point data taken at beam tip with
measurement error shown as error bars.
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(a) 2nd Bending Mode (b) 3rd Bending Mode
(c) 4th Bending Mode (d) 5th Bending Mode
Figure 2.10: Half sample hysteresis from single point data taken at beam tip with
measurement error shown as error bars.
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(a) Full sample composite beam
(b) Half sample composite beam
Figure 2.11: FRF of full and half samples over experimental frequency range.
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Table 2.3: Percent change of frequencies and displacements of full sample.
Bending Mode
∆ Displacement ∆ Displacement
∆ Frequency
Relative to Mode Peak at 110◦C Modal Frequency
2 -3.76% 92.70% 3.63%
3 3.72% 92.47% 3.21%
4 77.23% 21.53% 5.62%
5 -34.07% 79.05% 3.62%
Table 2.4: Percent change of frequencies and displacements of half sample.
Bending Mode
∆ Displacement ∆ Displacement
∆ Frequency
Relative to Mode Peak at 110◦C Modal Frequency
2 6.20% 85.94% 1.88%
3 2.41% 79.75% 1.29%
4 9.14% 75.04% 0.80%
5 9.78% 77.07% 1.26%
34
Table 2.5: Modal frequencies and displacements of full sample at select temperatures.
Bending Freq. (Hz) Freq. (Hz) Disp. (m) Disp. (m) Disp. (m)
Mode at 110◦C at 135◦C at 110◦C at 135◦C at 135◦C
±0.15625Hz ±0.15625Hz at 110◦C Freq.
2 197.8 205.0 3.62×10−6 3.76×10−6 2.65×10−7
3 554.4 572.2 2.83×10−7 2.73×10−7 2.13×10−8
4 1079 1140 2.72×10−8 6.18×10−9 2.13×10−8
5 1786 1851 7.24×10−9 9.71×10−9 1.52×10−9
Table 2.6: Modal frequencies and displacements of half sample at select temperatures.
Bending Freq. (Hz) Freq. (Hz) Disp. (m) Disp. (m) Disp. (m)
Mode at 110◦C at 135◦C at 110◦C at 135◦C at 135◦C
±0.15625Hz ±0.15625Hz at 110◦C Freq.
2 199.4 203.1 5.69×10−6 5.34×10−6 8.00×10−7
3 558.1 565.3 3.97×10−7 3.87×10−7 8.03×10−8
4 1090 1099 8.30×10−8 7.54×10−8 2.17×10−8
5 1808 1830 2.51×10−8 2.26×10−8 5.75×10−9
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Figure 2.12: Experimental lengthwise scan of half sample.
Table 2.7: Shift of 1st node of 3rd bending mode, half sample
Node Shift (in) Node Shift (% of Beam Length)
Computational 0.0701 0.87%
Experimental 0.0613 0.77%
2.6.2 Mode Shape Vector Scan
A span wise experimental scan was taken of the half sample. The third bending mode
of the sample is shown in Fig. 2.12 in both actuated and unactuated configurations.
Both the experimental and computational span wise modal scans show a shift in
the location of the 1st node in 3rd bending mode. Experimental and computational
shifts of 0.0613 in and 0.0701 in, respectively, were realized and are summarized in
Table 2.7.
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2.7 Material Characterization
In order to identify the actual moduli of the sheet material received, tensile tests
were completed on small free pieces of sheet material. These tests were completed
on a load frame that was fitted with an electric furnace around the sample and the
clamps. Two tests were run, one at room temperature, and one at 150◦C, to access
the Martensitic and Austenitic phases, respectively. The sample used for the room
temperature test was 0.21in×0.008in with a 5 in gauge length. The 150◦C specimen
was 0.235in× 0.008in with a 5 in gauge length. The accepted practice for this type
of material was to use the strain rate of 100µ strain/second, so a displacement rate
of 0.0127mm/s was used for the specimens [16]. Stress vs. strain data can be seen in
Fig. 2.13. Young’s modulus of the linear portion of the tests was calculated to be
25.7 GPa for the Martensitic phase and 39.4 GPa for the Austenitic phase. While the
Martensite modulus roughly correlated with the material data sheet for the specimen,
the Austenite modulus was significantly lower than what was represented. This may
be a cause for the over prediction of frequency shift that was seen in computations.
2.8 Shape Memory Training
While the shape memory material was received factory annealed flat, it was believed
that additional heat training would magnify response in the material. Shape memory
alloy material can be heat trained by cycling its temperature while it is under a
constant load [16]. In order to investigate this response a third sample was cut from
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Figure 2.13: Stress vs. Strain for Martensite and Austenite phases.
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the original sheet material. This sample was cut in the design of the half sample. A
load of 36.86N was attached to the bottom of the sample. While under this constant
load, the sample was thermally cycled using a heat gun. The sample underwent
twenty six cycles and showed approximately 0.3% residual strain when cycling was
completed. The sample was then attached to a beam substrate using Permabond
920 and cured in an oven. The sample underwent a complete modal analysis but the
results were very similar to what was seen in the untrained half sample (Fig. 2.14).
After seeing these results, it was decided that the trained half sample was
not cycled at a high enough load. A fourth sample was manufactured, this time in
the full sample shape. This sample was left in a rectangular shape, 12in x 1in x
0.008in with a 10in gauge length, for training so that the geometry of the of the final
shape (see Fig. 2.1) did not add stress concentrations. The sample was clamped into
a tensile load frame that was fitted with an electric furnace (Fig. 2.15). The load
frame was operated under load control at a 140 MPa stress level by setting the load
to 722.6N. The furnace was outfitted with a thermocouple and temperature display.
The furnace temperature was cycled between 80◦C and 200◦C. The sample was cycled
in temperature ten times over six hours. By the end of training the specimen’s length
had been increased by 21.97 mm. The strain versus time of the cyclic heat training
can be seen in Fig. 2.16.
After training was completed, the sample underwent three heating and cool-
ing cycles using a heat gun to remove any residual effects from training in anticipation
of thermal curing. The effects of the cycling were as follows:
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(a) 2nd Bending Mode (b) 3rd Bending Mode
(c) 4th Bending Mode (d) 5th Bending Mode
Figure 2.14: Half sample hysteresis from single point data taken at beam tip, trained
and untrained samples.
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1. The sample started at 12.688” in length
2. The sample was heated and as a result shrunk to 12.500”
3. The sample was allowed to cool and as a result expanded to 12.656”
4. The sample was heated and as a result shrunk to 12.484”
5. The sample was allowed to cool and as a result expanded to 12.656”
6. The sample was heated and as a result shrunk to 12.484”
7. The sample was allowed to cool and as a result expanded to 12.656”
As a result of the sample illustrating consistent room temperature and high
temperature lengths, it was then thought ready to undergo the curing process. The
sample was cut to the proper geometry of the full sample using metal shears. The
sample was then adhered to an anodized Aluminum alloy 6061 beam using Permabond
920 and the composite sample was cured in an oven. After the curing cycle was com-
plete, it was noticed that the sample had shrunk in the axial direction and no longer
aligned properly with the features of the Aluminum alloy beam. The trained SMA
patch was detached from the aluminum substrate, altered with shears to fit necessary
features, reattached to the beam with Permabond 920 adhesive, and submitted to
another curing process. When this process was completed and the sample was taken
from the oven for the second time, it showed additional shrinkage, but in less magni-
tude to what had previously occurred. Most of the shrinkage had occurred in the area
of the sample that was to be under and behind the clamp, so the composite sample
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was left as it was and changes were made to the joule heating controller’s lead wires
to allow them to work with the changes. A full modal analysis was completed on the
trained full sample. Results versus the untrained full sample are shown in Fig. 2.17.
During modal testing of the full trained sample popping sounds were heard
when the sample was heated to 95◦C and again at 70◦C while being cooled. When
testing was completed it was discovered that the SMA patch was detaching from the
Aluminum alloy substrate and seemed to exhibit a wavy profile (Fig 2.18). The
decision was made to set the trained sample aside and focus the rest of the research
on the untrained samples.
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Figure 2.15: Load frame, furnace, and specimen.
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Figure 2.16: Strain vs. time for sample while training.
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(a) 2nd Bending Mode (b) 3rd Bending Mode
(c) 4th Bending Mode (d) 5th Bending Mode
Figure 2.17: Full sample hysteresis from single point data taken at beam tip, trained
and untrained samples.
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Figure 2.18: Trained sample detached from aluminum alloy substrate.
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2.9 Repeated Frequency Shift Scans
After preliminary data was obtained, additional single point scans were completed at
the tip of both the full and the half sample. A total of eleven scans were taken on
each sample. During these scans, the SMA surface was brought to a higher tempera-
ture and this technique resulted in substantially larger responses in frequency shifts.
For each scan, the temperature was increased until the modal frequencies started to
drop. At this point, the modal frequencies started to behave linearly with increasing
temperature. The increase in natural frequencies for these samples were measured as
the difference between the highest and lowest natural frequency data point while the
sample was being heated. The decrease in natural frequency was similarly measured
as the difference between the highest and lowest natural frequency data point while
the sample was being cooled. Results for both the full and half sample are shown in
Tables 2.8-2.15. Precision uncertainty for the frequency shift is shown as uPrecision in
these tables. The percentage change in the tables is shown as a ratio of frequency
change over the room temperature frequency of each scan. In the full sample, heating
frequency change varied from 3.98% to 4.57% over bending modes 2-5. The frequency
change while cooling in the full sample varied from 5.95% to 6.53% over these modes.
Similarly, in the half sample, heating frequency change varied from 1.50% to 2.19%
and cooling frequency change varied from 2.36% to 2.90% over bending modes 2-5.
The precision uncertainty of these values show that they are significant. The average
frequency shift recognized in these repeated tests is relatively consistent with regards
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to bending mode. Also, the frequency shifts seen in the full sample were roughly
twice as high as what was seen in the half sample. This compares well to what was
seen computationally. Average frequency shifts of of 74.45 Hz and 111 Hz for heating
and cooling respectively in the full sample in fifth bending mode highlight the SMA’s
effectiveness in substantially altering the modal frequency of the composite beam.
Due to equipment availability, repeated tests were completed using two differ-
ent methods. All of the data for the full sample, and scans 9 and 10 for the half sample
were completed using a scanning laser vibrometer and it’s associated Polytec software
to generate input, create an FFT of laser output data, and detect and quantify modal
peak frequencies. The remaining half sample repeated test data was preformed using
a single point laser, a signal generator input, and a LabVIEW program to complete
an FFT of laser data and quantify modal peaks. Both methods used the same input
frequency sweep and amplitude and led to complementary data. The second method
did not utilize data filters so some stray points were encountered. Data scatter for
the eleven scans is shown in Figs. 2.19-2.26. This data scatter represents the third
bending mode frequencies for both the full and half samples. Many more data points
are presented for the half sample because, with an exception for scans 9 and 10, the
data was sampled at a faster rate. Samples were unclamped between each successive
test to allow clamped condition variation in the data.
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Figure 2.19: Data scatter for full sample, 2nd bending mode.
Figure 2.20: Data scatter for half sample, 2nd bending mode.
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Figure 2.21: Data scatter for full sample, 3rd bending mode.
Figure 2.22: Data scatter for half sample, 3rd bending mode.
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Figure 2.23: Data scatter for full sample, 4rd bending mode.
Figure 2.24: Data scatter for half sample, 4th bending mode.
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Figure 2.25: Data scatter for full sample, 5th bending mode.
Figure 2.26: Data scatter for half sample, 5th bending mode.
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Table 2.8: Repeated Results of Full Sample, Frequency Increase (Hz).
Scan ∆ Freq. (Hz) ∆ Freq. (Hz) ∆ Freq. (Hz) ∆ Freq. (Hz)
2nd Mode 3rd Mode 4th Mode 5th Mode
1 9.70 25.3 48.0 80.0
2 9.40 25.6 49.0 80.0
3 9.40 25.9 48.0 80.0
4 9.70 24.7 46.0 76.0
5 9.40 24.7 46.0 75.0
6 9.40 23.5 45.0 72.0
7 9.30 23.8 44.0 71.0
8 9.30 23.8 44.0 71.0
9 9.30 24.3 46.0 78.0
10 9.40 22.5 41.0 66.0
11 9.40 23.1 42.0 70.0
Mean (Hz) 9.43 24.29 45.36 74.45
uPrecision(Hz) 0.316 2.38 5.57 10.7
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Table 2.9: Repeated Results of Full Sample, Frequency Increase (%).
Scan ∆ Freq. (%) ∆ Freq (%) ∆ Freq. (%) ∆ Freq. (%)
2nd Mode 3rd Mode 4th Mode 5th Mode
1 4.71 4.37 4.24 4.27
2 4.56 4.43 4.33 4.27
3 4.56 4.48 4.24 4.27
4 4.71 4.27 4.06 4.06
5 4.56 4.27 4.06 4.00
6 4.56 4.06 3.97 3.84
7 4.51 4.11 3.88 3.79
8 4.51 4.11 3.88 3.79
9 4.51 4.20 4.06 4.16
10 4.56 3.89 3.62 3.52
11 4.56 3.99 3.71 3.74
Mean (%) 4.57 4.20 4.00 3.98
uPrecision (%) 0.154 0.411 0.492 0.569
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Table 2.10: Repeated Results of Full Sample, Frequency Decrease (Hz).
Scan ∆ Freq. (Hz) ∆ Freq. (Hz) ∆ Freq. (Hz) ∆ Freq. (Hz)
2nd Mode 3rd Mode 4th Mode 5th Mode
1 13.5 37.2 73.0 121
2 13.5 38.1 75.0 122
3 13.8 38.1 74.0 121
4 13.8 37.5 73.0 120
5 13.4 37.5 73.0 120
6 13.4 36.8 70.0 116
7 13.1 36.3 68.0 116
8 13.1 36.2 69.0 120
9 13.7 38.1 71.0 121
10 13.4 35.6 65.0 67.0
11 13.4 36.3 67.0 82.0
Mean (Hz) 13.5 37.1 70.7 111
uPrecision (Hz) 0.530 1.96 7.12 41.6
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Table 2.11: Repeated Results of Full Sample, Frequency Decrease (%).
Scan ∆ Freq. (%) ∆ Freq. (%) ∆ Freq. (%) ∆ Freq. (%)
2nd Mode 3rd Mode 4th Mode 5th Mode
1 6.55 6.43 6.44 6.46
2 6.55 6.59 6.62 6.51
3 6.70 6.59 6.53 6.46
4 6.70 6.48 6.44 6.41
5 6.50 6.48 6.44 6.41
6 6.50 6.36 6.18 6.19
7 6.36 6.28 6.00 6.19
8 6.36 6.26 6.09 6.41
9 6.65 6.59 6.27 6.46
10 6.50 6.15 5.74 3.58
11 6.50 6.28 5.91 4.38
Mean (%) 6.53 6.41 6.24 5.95
uPrecision (%) 0.257 0.339 0.629 2.22
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Table 2.12: Repeated Results of Half Sample, Frequency Increase (Hz).
Scan ∆ Freq. (Hz) ∆ Freq. (Hz) ∆ Freq. (Hz) ∆ Freq. (Hz)
2nd Mode 3rd Mode 4th Mode 5th Mode
1 3.79 13.3 16.9 35.9
2 3.97 13.0 17.6 39.1
3 3.98 13.1 17.0 34.4
4 3.69 12.6 16.2 34.3
5 3.70 12.6 16.3 34.1
6 3.46 12.1 15.7 34.0
7 3.62 12.0 15.6 33.4
8 3.73 12.1 16.1 33.7
9 3.13 10.3 12.2 29.7
10 4.40 13.1 22.0 41.0
11 4.02 13.1 17.8 36.8
Mean (Hz) 3.77 12.5 16.7 36.8
uPrecision (Hz) 0.736 1.90 5.17 6.75
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Table 2.13: Repeated Results of Half Sample, Frequency Increase (%).
Scan ∆ Freq. (%) ∆ Freq. (%) ∆ Freq. (%) ∆ Freq. (%)
2nd Mode 3rd Mode 4th Mode 5th Mode
1 1.84 2.34 1.52 1.94
2 1.94 2.27 1.58 2.11
3 1.94 2.29 1.53 1.86
4 1.80 2.20 1.46 1.85
5 1.80 2.20 1.47 1.84
6 1.69 2.12 1.41 1.84
7 1.77 2.11 1.40 1.81
8 1.82 2.12 1.45 1.82
9 1.53 1.81 1.10 1.61
10 2.15 2.30 1.98 2.22
11 1.96 2.29 1.60 1.99
Mean (%) 1.84 2.19 1.50 1.90
uPrecision (%) 0.359 0.332 0.465 0.365
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Table 2.14: Repeated Results of Half Sample, Frequency Decrease (Hz).
Scan ∆ Freq. (Hz) ∆ Freq. (Hz) ∆ Freq. (Hz) ∆ Freq. (Hz)
2nd Mode 3rd Mode 4th Mode 5th Mode
1 5.87 17.3 27.0 50.6
2 5.99 16.7 27.0 50.0
3 5.44 16.7 25.7 47.9
4 5.67 16.4 26.3 48.9
5 5.46 16.4 26.0 48.0
6 5.34 16.0 25.0 46.2
7 5.42 16.3 25.8 50.0
8 5.47 16.3 25.9 50.7
9 5.31 15.6 32.4 59.7
10 6.00 17.5 30.0 54.0
11 5.84 17.0 27.0 50.2
Mean (Hz) 5.62 16.6 26.3 50.6
uPrecision (Hz) 0.585 1.23 3.60 8.04
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Table 2.15: Repeated Results of Half Sample, Frequency Decrease (%).
Scan ∆ Freq. (%) ∆ Freq. (%) ∆ Freq. (%) ∆ Freq. (%)
2nd Mode 3rd Mode 4th Mode 5th Mode
1 2.86 3.03 2.43 2.73
2 2.92 2.93 2.43 2.70
3 2.66 2.92 2.31 2.59
4 2.77 2.87 2.37 2.65
5 2.66 2.88 2.34 2.59
6 2.61 2.80 2.24 2.50
7 2.65 2.86 2.32 2.70
8 2.67 2.86 2.33 2.74
9 2.59 2.74 2.11 3.23
10 2.93 3.07 2.70 2.92
11 2.85 2.99 2.43 2.71
Mean (%) 2.74 2.90 2.36 2.73
uPrecision (%) 0.286 0.217 0.324 0.435
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2.10 Node Shifting Experimentation
Since preliminary experimentation showed a quantifiable shift in the mode shape
vector of the half sample in the third bending mode, tests were repeated on the half
sample and on the full sample as a control. Theoretical mode shape and beam theory
was used to roughly locate the third bending node of the samples using a thickness
of 0.07 inches (0.008 in of SMA material and 0.062 in of Aluminum alloy substrate).
The theoretical node was located approximately 6.25 inches from the clamp. For each
of these tests a scanning laser vibrometer was used to scan five points representing a
half inch span between 6.0 and 6.5 inches from the clamp. Polytec software was used
to align the laser, provide input, and calculate results. Tests were performed on a
6000 lb shaker. The specimens were clamped to the shaker with steel clamps which
utilized ceramic inserts to isolate the samples from the shaker. These ceramic inserts
had been specially manufactured for the thickness of the composite samples.
The samples underwent three tests each and were not unclamped between
the three tests as to not interfere with the boundary condition. The samples were
heated in the same way previous tests had been completed, heating and allowing to
cool by set temperature steps with the Joule heating controller. A fourth order least
squares fit was used to calculate the node location at each temperature step from
displacement data taken at the five discrete points.
Data was noisy for the third scan of the half sample, so two additional scans
were taken of this sample, this time using seven discrete points between 6.0 in and 6.5
61
in from the clamp location. This data was fit using a sixth order least squares method.
All five scans of the half sample and all 3 scans of the full sample are represented in
Fig. 2.27 and Fig. 2.28. Node location is represented as distance from clamp location.
Figures represent the heating and cooling of the samples. It is noticed that the half
sample showed a consistent upward trend, while data from the half sample seemed
flat and scattered.
A breakdown of the half sample data by the context of heating and cooling
can be seen in Fig. 2.29 and Fig. 2.30. While the scattered nature of the data from
the full scans makes node location change difficult to capture, a comparison of linear
trend lines between the tests better illustrates the differences in the two tests. The
values shown in Fig. 2.27 show the half sample has slopes an order of magnitude
higher than the full sample. In this respect, the half sample was able to increase
and decrease nodal distance with a respective temperature change. While the full
sample’s data was scattered, node location did not show the same dependence on
temperature.
2.11 Error Analysis
The data was taken at a bandwidth of 2000 Hz with 6400 FFT lines. Uncertainty for
frequency was equal to half of the resolution of the FFT giving a frequency uncertainty
of ± 0.156 Hz. The error in the frequency response of the scanning laser vibrometer
decoder was ± 0.1 dB. The resolution of the laser’s data acquisition system was 16
bit. The non-linearity in the shear accelerometer was less than 1%. For repeated
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Figure 2.27: Data scatter for half sample, node location tests.
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Figure 2.28: Data scatter for full sample, node location tests.
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Figure 2.29: Data scatter for half sample, temperature increasing.
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Figure 2.30: Data scatter for half sample, temperature decreasing.
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Table 2.16: Slope of data scatter for all nodal tests (%).
Scan Slope (in/◦C) Slope (in/◦C)
Temperature Increase Temperature Decrease
Full 1 -3.47E-5 2.53E-5
Full 2 -3.47E-5 2.53E-5
Full 3 -1.01E-5 -4.88E-7
Half 1 1.31E-4 2.49E-4
Half 2 2.23E-4 2.96E-4
Half 3 1.27E-4 3.77E-4
Half 4 2.15E-4 2.66E-4
Half 5 2.63E-4 2.70E-4
tests eleven scans were taken of each sample, giving a student t value of 2.228 for a
95% confidence window. The bias error of the scanning laser vibrometer is negligible
compared to the precision error in the tests.
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CHAPTER III
FREQUENCY SHIFT MAPPING AND DAMPING INVESTIGATION
Several scans were taken on a 6000 pound shaker using a single point laser vibrometer.
These scans had two focuses, the first was to look at any damping that occurred during
the solid-solid phase change of the shape memory material and the second was to
characterize the materials response to changing temperature while forced vibration
was held at several different constant frequencies.
3.1 Test Specimens
Experimental testing under this investigation used the same samples previously used
for modal testing. For damping studies, the full sample was solely used as it utilized
an actuator with a larger surface area and response. For active frequency shift studies,
scans were taken of both the full and half sample.
3.2 Experimental Setup
Experimentation took place on a 6000 pound shaker. The specimens were clamped
to the shaker head. The shaker had a magnetically attached accelerometer. A single
point laser was used to take data at the beam tip of all samples.
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3.2.1 Joule Heating Controller
For these experimentations, the LabVIEW Joule Heating Controller was similarly
used to control the SMA temperature as it had been used in modal testing. In
contrast to what was done in previous experimentation, for tests on the 6000 pound
shaker, ceramic inserts were used to isolate the composite sample from the shaker
head. These quarter inch thick inserts were machined from Very High Temperature
Machinable Glass-Mica Ceramic. They worked well at isolating the beam and had a
maximum operating temperature of 1100◦F. Inserts were used on either side of the
beam, sandwiching it between the shaker’s steel clamp faces.
3.2.2 Single Point Laser Vibrometer
A Polytec OFV-505 single point laser vibrometer was used for the entirety of these
tests. The laser vibrometer was connected to a Polytec OFV-5000 controller. The
laser was mounted directly above the shaker, sample, and clamp and the laser beam
was manually aligned to the tip of the beam. The controller autofocus was used to
focus the laser.
3.2.3 Software
VibrationVIEW software was used to control shaker input, acquire laser data, perform
all necessary FFTs, and output results. The sine test module was used in both sweep
and fixed-frequency scans. The software controlled the shaker to an acceleration
equal to 0.1G. In damping studies, this software also used FFT output to perform
a calculation for the damping “quality factor”, Q using the half-power bandwidth
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method. The software also output the peak frequency and amplitude of the frequency
range studied.
3.3 Frequency Shift Mapping
In order to evaluate the composite sample’s response under a constant excitation
frequency a series of tests were performed. A total of four tests were completed, two
on the half sample and two on the full sample. For each test the sample remained
clamped to the 6000 pound shaker while a series of frequency dwells were performed.
During each dwell, the joule heating controller was used to heat the sample and then
allow it to cool. These frequency dwells were repeated at several different frequencies
to quantify the response of the sample under different circumstances.
For these tests the focus was to capture second bending mode. With the
knowledge that second bending mode occurred around 200 Hz in both samples, dwell
frequencies around 200 Hz were used for testing. Laser data was fed to the data
acquisition system and lab view controller, which performed a FFT on the data and
calculated several peak values. Data for all of the scans was compiled and filtered
for noise. Peak to peak velocities were converted to amplitudes. Examples of dwell
data for the full sample for two frequencies, 199 Hz and 201 Hz, are shown in Fig.
3.1 to Fig. 3.2. Here the change in response between the two dwell frequencies is
readily seen. Both the temperature increasing curve and the temperature decreasing
curve exhibit two peaks at relatively the same amplitude. These two modal peaks
are due to the changing stiffness in the material. At 201 Hz, the difference between
70
the two peaks is approximately 73.5◦C for increasing temperature and 38.5◦C for
decreasing temperature, at 199 Hz, these values are 23.6◦C and 11.1 ◦C respectively.
The response’s amplitude is dependent on both temperature and input frequency. To
better understand this relationship, a mapping of the dwell tests was performed.
The MATLAB code gridfit was used to map the data to a surface plot [17].
This code uses triangular interpolation with gradient smoothing regularization to
convert the three dimensional point data into a meaningful surface. Amplitude maps
for the temperature and frequencies tested are shown in Fig. 3.3 to Fig. 3.10. It
should be noted that scans 2 for the half sample used data from five dwells, while the
other scans used data from 7 dwells. This attributes to the differences between the
plots.
These maps of temperature vs. modal frequency vs. amplitude for 2nd
bending mode illustrate the non linear dynamic response of both samples. They
graphically depict how tip amplitude changes with changing temperature. They show
how shape memory alloys could be used to design a component to actively avoid areas
of high strain. An example of this use in the half sample (Fig. 3.7) may occur if a
component was operating and the excitation frequency was increasing to 202 Hz at
60◦C. Actuating the sample and changing it’s temperature to 100◦C would decrease
the tip displacement.
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Figure 3.1: Temperature vs. Tip Amplitude, Full Sample, 199 Hz dwell.
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Figure 3.2: Temperature vs. Tip Amplitude, Full Sample, 201 Hz dwell.
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Figure 3.3: Temperature vs. Modal Frequency vs. Amplitude, Full Sample, Temper-
ature Increasing, Scan 1.
Figure 3.4: Temperature vs. Modal Frequency vs. Amplitude, Full Sample, Temper-
ature Increasing, Scan 2.
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Figure 3.5: Temperature vs. Modal Frequency vs. Amplitude, Full Sample, Temper-
ature Decreasing, Scan 1.
Figure 3.6: Temperature vs. Modal Frequency vs. Amplitude, Full Sample, Temper-
ature Decreasing, Scan 2.
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Figure 3.7: Temperature vs. Modal Frequency vs. Amplitude, Half Sample, Temper-
ature Increasing, Scan 1.
Figure 3.8: Temperature vs. Modal Frequency vs. Amplitude, Half Sample, Temper-
ature Increasing, Scan 2.
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Figure 3.9: Temperature vs. Modal Frequency vs. Amplitude, Half Sample, Temper-
ature Decreasing, Scan 1.
Figure 3.10: Temperature vs. Modal Frequency vs. Amplitude, Half Sample, Tem-
perature Decreasing, Scan 2.
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3.4 Damping Investigation
To quantify damping, the two samples were clamped to the 6000 pound shaker using
the manufactured ceramic inserts. VibrationVIEW software was used to generate a
sine sweep in the shaker that captured 2nd bending mode in the samples. The samples
were heated and allowed to cool through use of the Joule heater. A single point laser
acquired data at the beam tip of both samples. Sweeping scans were completed
at set temperature values. In order to capture the quality factor, Q, with good
resolution, the best practice of sweeping a frequency range of two times the modal
peak bandwidth was employed. Several scans were taken at each set temperature
value to ensure the sample was being swept in this way. The sweeps were completed
over an approximately 4 Hz frequency range.
Data for both the full and half sample is shown in Fig. 3.11 and Fig. 3.12.
Here, Q is plotted alongside frequency hysteresis. The plot shows that Q was not
drastically changed during phase transition. While it is notable that Q dropped to
a value around 100 at the highest temperature scans in both samples, this drop may
also be influenced by softening effects in the beam at these temperatures. While
Duffy et. al had predicted an increase in damping during phase change, during the
experimental investigation, Q stayed fairly constant. Duffy et. al’s prediction was
for a free piece of shape memory alloy material while this damping investigation was
completed on a composite NiTi-aluminum alloy structure. This would account for
less than optimal damping realization during the phase transition.
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Figure 3.11: Temperature vs. Q and Modal Frequency, 2nd bending mode, half
sample.
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Figure 3.12: Temperature vs. Q and Modal Frequency, 2nd bending mode, full
sample.
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CHAPTER IV
DATA REDUCTION
4.1 Fast Fourier Transform
The experimental vibration investigation included a complete modal analysis over the
selected frequency range of 50-2000 Hz. This range was selected to avoid first bending
mode, which results in significant strains, while capturing bending modes 2, 3, 4, and
5. The Polytec scanning laser vibrometer obtained velocity response data from the
samples and input data from the attached accelerometer. Software performed a Fast
Fourier Transform (FFT) to map the time domain data to the frequency domain and
took the ratio of the response to the input data to calculate the Frequency Response
Function (FRF). The FRF was used to find the peak frequencies and displacements
of the modes studied.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
High Cycle Fatigue is an important issue in the design of turbomachinery. As com-
pressor blades and stators are designed for increased performance, vibratory stresses
increase. The introduction of integrally bladed disks has led to decreased damping
in these components. New techniques must be investigated to mitigate stresses and
dampen blades. The research presented focused on the feasibility of the use of the
shape memory effect of shape memory alloys as active actuators to mitigate fatigue.
By creating two composite samples in a simple geometry and investigating them
through a full modal analysis, their utility is better understood. Samples were de-
signed to leverage the strengths of the material, the full sample to show the largest
change in stiffness, and the half sample to qualify change in the mode shape vector.
Results were as follows:
1. Modal analysis showed a quantifiable change in frequency for modes two to five
in both samples both when they were heated and when they were allowed to
cool.
2. A change in the mode shape vector was realized for the half sample when the
location of one of its nodes was analyzed in 3rd bending mode.
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3. Damping tests were completed over the full hysteretic cycle of the material.
These tests showed increased damping with increasing temperature, but the
damping peak reduction during phase transformation was not realized.
4. Mapping of the amplitude of tip displacement over a section of temperature vs.
modal frequency field illustrates the design capabilities that are created through
the use of shape memory alloys.
As a whole, these tests qualified the change in response that can be realized
with the use of a small SMA actuator. Together they show NiTi’s unique capability
in creating variable stiffness in a blade as well as its effect on damping characteristics
and the mode shape vector.
5.1 Recommendations for Future Work
The SMA patch’s adherence to the Aluminum 6061 substrate was a major obstacle
to the research. In addition, the adhesive layer may itself have an influence on the
dynamics of the beam. Future work should utilize existing 3D printing technologies
to embed SMA material (sheet or wire) into a beam. The 3D printing process also
supports the use of embedded thermocouples. A beam manufactured in this way
would better represent a final product, as embedding the material seems to be the
optimal method for flight hardware. Also, Additional testing should include a more
indepth look at damping characteristics in the beam and in the SMA material itself.
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Parametric studies may be employed to assess the response of a beam using different
volume fractions of SMA material.
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